Introduction
Aortic stenosis is assessed routinely using the continuity equation which, based on the principle of conservation of mass, equates stroke volume (SV) proximal to the aortic valve (left ventricular outflow tract, LVOT) to SV through the stenotic aortic valve orifice. 1 Using conventional two-dimensional echocardiography (2DE), 2 -4 the SV at the LVOT is obtained by measuring the diameter across the LVOT (to calculate its cross-sectional area, assuming it is circular) and stroke distance (from time velocity integral by pulse-wave Doppler). The validation and accuracy of LVOT SV calculation of aortic valve area (AVA) using continuity equation is most subjected to assumptions on geometry and uniform velocity, unlike the relatively simple continuous wave Doppler measurement used for the SV measurement at the level of the aortic valve. Hence, LVOT SV calculation is also most susceptible to error. 2D continuity method makes two important assumptions regarding flow across the LVOT. One, it assumes that flow is of uniform velocity in the LVOT and second, the LVOT geometry is assumed to be circular. These assumptions may not be valid where LVOT geometry is irregular secondary to upper septal hypertrophy (USH) or prominent annular calcification, which extends into the LVOT. In addition, uniform flow velocities are not present in settings of increased and non-laminar velocities such as might occur with hyperdynamic function or anatomic obstruction in the LVOT. Because the diameter of the LVOT is squared to determine area, small errors in measuring this linear dimension are amplified and are an important source of inaccuracy. Factors contributing to errors include image quality, annular calcification, non-circular annulus, failure to measure true diameter and the presence of USH. Furthermore, simultaneous measurements, in time and sometimes in location, of the LVOT flow and its area are not obtained by 2DE method. The development of real-time three-dimensional echocardiography (RT3DE) can circumvent the limitations of 2DE by directly measuring LVOT SV in one imaging window without the need for geometric assumptions. 5, 6 We hypothesized that RT3DE
improves accuracy of the AVA calculation in AS by directly measuring LVOT SV in one window.
Methods

Study population
We prospectively recruited adult patients with varying degrees of AS and USH. Exclusion criteria included poor echocardiographic imaging windows and presence of subvalvular or supravalvular aortic stenosis. The protocol was approved by the hospital Institutional Review Board.
Echocardiography
Transthoracic echocardiography was performed by experienced sonographers using Sonos IE33 machines (Philips Medical Systems, Andover, MA, USA). 2DE was done using an s3 probe and 3DE was done using x3 probe. In addition to 2DE examination, peak and mean aortic velocities were obtained by continuous-wave Doppler echocardiography from a multiwindow approach and corresponding pressure gradients calculated using the modified Bernoulli equation. AVA was determined by continuity equation (AVA 2D ). Concomitant significant pathologies including aortic or mitral regurgitation (categorized into grades I-IV) and left ventricular systolic dysfunction were documented. The ratio of upper septal wall thickness to posterior wall thickness in diastole was measured to determine degree of USH. USH was considered present if the ratio was 1.3.
Apical 3DE colour Doppler volumes incorporating the LVOT and aortic valve were acquired with electrocardiographic gating and suspended respiration (over four beats). Nyquist limit and frame rate were maximized and depth setting adjusted to a minimum but keeping the aortic valve in view.
In addition, RT3D full volume datasets of the aortic valve in the parasternal window was obtained in a subgroup of patients and the pyramidal dataset cropped to determine the anatomical orifice.
Animal model validation
Three Dorsett sheep were intubated, ventilated, and studied under open-chested conditions. Anaesthesia was maintained with 2% isofluorane and oxygen. A custom-made balloon attached to syringe and inflatable to different size with saline was surgically inserted through the epicardium into the myocardium of the upper ventricular septum, as guided by echocardiography. 7 This was performed to vary the LVOT geometry, mimicking the clinical spectrum of USH ( Figure 1 ). Cardiac output (CO) was measured by placing an electromagnetic flow probe around the aortic root 5 to provide mean flow rate on a beat-to-beat basis. A CO value (L/min) was recorded for each 2DE and 3DE acquisition. Echocardiographic windows at apical long axis were acquired with epicardial probes. Different CO was achieved with changing preload (by intravenous fluid challenges and inferior vena cava clamping) and pharmacologically. The institutional animal care and use committee approved all procedures.
Flow volume calculation
3D Doppler data were transferred to a laptop for flow volume computation using 4D Echo-View, TomTec Imaging Systems, Unterschleissheim, Germany and validation of this system has been previously described. 5, 6 Briefly, the cut plane of the 3D volume was moved in two perpendicular longitudinal B-planes, rotated and sliced to ensure the LVOT, its colour Doppler and the aortic valve were clearly seen. A hemispheric Gaussian sampling curve was placed on these orthogonal images proximal to the aortic valve and perpendicular to the direction of flow (Figure 2A and B) . The tissue/colour Doppler display priority of the dataset was set so that colour Doppler signal filled the LVOT without colour bleed into the tissues. For Doppler aliasing in the LVOT, baseline was shifted so that these velocities were included in the volume calculation. The software then projected the velocity data for each frame to give a colour image of the LVOT at the level of the sampling curve. The hemispheric umbrella captured colour velocities within and perpendicular to the LVOT, with its concavity towards the LV cavity. A sampling area was manually traced around the LVOT ensuring colour signal was included for each frame of the cardiac cycle ( Figure 2C) . Often, the sampling area was drawn just once for each measurement. This was because all the colour velocities were encompassed within the initial sampling area. Otherwise the region of interest could be adjusted as necessary. The LVOT cross-sectional shape was classified as circular, oval, or irregular (shapes that did not fit into circular or oval geometry). The software automatically read the retained velocity assignments in DICOM data within the identified region of interest and computed the flow velocity profile, SV, and CO over the projected Gaussian surface ( Figure 2D ). 
Three-dimensional colour Doppler assessment using continuity equation in aortic stenosis
Real-time three-dimensional echocardiographic aortic valve area measurement Continuity-equation derived AVA using SV from 3DE (AVA 3D-SV ) was obtained by dividing by the time-velocity integral of continuous wave Doppler profile. Directly planimetered values (AVA 3D-Pl ) were measured using cropping methods (Qlab, Philips Medical systems, Andover, MA, USA) to align short-axis plane along the narrowest orifice in systole, as determined in the orthogonal long-axis plane ( Figure 3 ).
Statistical analysis
Normality of the distribution for each numerical variable was checked with the Shapiro -Wilk test. Continuous variables were presented as mean + SD for normally distributed data and median with interquartile range if variables were non-normally distributed. Correlations between echocardiographic variables were assessed using Pearson's correlation coefficient r. Agreements between methods (AVA 2D vs. AVA 3D-Pl; AVA 3D-SV vs. AVA 3D-Pl; 2DE vs. flow probe CO; 3DE vs. flow probe CO) were tested by Bland -Altman analyses 8 and plotted with lines representing mean + 2SD. Discrepancies, i.e. differences between AVA 2D and AVA 3D-SV were correlated to clinical predictors using Pearson's r when they were continuous variables and analysed using one-way ANOVAs or Kruskal -Wallis tests for categorical variables. A two-sided P-value of , 0.05 was considered significant. SPSS for Windows (version 13.0, SPSS Inc., Chicago, IL, USA) was used.
Intra-observer and inter-observer variability
The datasets from 10 randomly selected patients were analysed by the first operator (K.K.P.) 3 months after the first analyses and by second operator (J.S.) who was blinded to the results of the first operator and other echocardiographic or clinical data. Intra-and inter-observer variability were assessed by intra-class correlation coefficients 9 with 95% confidence intervals using SPSS reliability analyses.
Results
Seventy-three patients were initially assessed for inclusion: 5 were ineligible due to poor imaging windows or decline consent and 68 were included. Three-dimensional colour Doppler acquisitions were obtained in all 68 patients, whereas RT3DE full volume acquisitions were obtained in 47 random patients. Of these 47 cases, 38 were technically adequate for 3D cropping. Baseline demographics and selected echocardiographic characteristics were listed in Correlations between AVA 3D-SV , AVA 3D-Pl , and AVA 2D
Correlation between AVA 2D and AVA 3D-SV for the entire cohort was modest (r ¼ 0.71, P , 0.001, Figure 4 ; mean difference 0.11 + 0.23 cm 2 ). In a subgroup of 38 cases, AVA 3D-Pl was com- Discrepancies between AVA 3D-SV and AVA 2D
There was mild but significant correlation of the differences between AVA 2D and AVA 3D-SV with the ratio of upper septal wall thickness to posterior wall thickness in diastole (r ¼ 0.36, P ¼ 0.005) but not with age, heart rate, LV ejection fraction, and indices of aortic valve severity (all P . 0.14) ( Table 2 ). Figure 6 illustrated an example of how USH may affect measurement of LVOT diameter resulting in erroneous calculation of AVA 2D .
We found significant association between the absolute differences of AVA 3D-SV and AVA 2D and LVOT shape (P ¼ 0. Table 2) .
Validation of measurement of 3DE colour Doppler derived SV/CO in setting of experimentally distorted LVOT geometry Grade IV (severe) 3 (5%)
Three-dimensional colour Doppler assessment using continuity equation in aortic stenosis
Intra-observer and inter-observer differences
The intra-observer variabilities as assessed by the intra-class correlation coefficient (r) were 0.92 (95% CI 0.71-0.98) for 3DE colour Doppler SV and 0.80 (95% CI 0.41-0.95) for 3DE planimetry of the AVA. The inter-observer variabilities on these measurements were 0.88 (95% CI 0.62-0.97) and 0.87 (95% CI 0.57-0.97), respectively.
Discussion
We found that AVA derived from 2D continuity equation correlates only modestly with that derived from 3D colour Doppler and that significant discrepancies between both methods are predicted by presence of USH, representing distorted LVOT geometry. We demonstrate that RT3DE measurement of LVOT SV agrees better with the gold standard of aortic flow probe measurement in an animal model of varying LVOT geometry than 2DE. In addition, there was a better agreement of RT3DE derived AVA using colour Doppler with an independent anatomical standard, AVA guided by RT3DE planimetry.
Two-dimensional Doppler continuity equation
2DE derived continuity equation is still the current most utilized method in obtaining AVA since it is non-invasive, practical, and easily employed. 1 However, its pitfalls are well known due to the inherent assumptions and simplifications. For instance, the LVOT cross-sectional area calculation assumes a circular shape for the LVOT and errors in measuring the LVOT diameter are squared in the computation of AVA. In addition, the determination of LVOT velocity by 2DE is performed using another echocardiographic window and so differs in timing and location as the LVOT area measurement. Flow velocity varies within the LVOT, having a non-uniform pattern with lower velocities at the vessel periphery, higher velocities at the centre especially in the septal and posterior area. 10 -14 Values obtained are thus dependent upon the position of pulse wave Doppler sampling area. In addition, significant USH may be associated with mild LVOT obstruction and introduce error. Pulse wave velocity determination may also be angle-dependent, 15 inaccurate especially in lowoutput states 10 and large sampling volumes may be required for reliable estimates of mean velocity.
11,12
Figure 4 Geometric assumptions may not be valid in asymmetric LVOT shapes such as that seen with USH. Indeed, in our experimental studies where USH was simulated, the 2DE derived LVOT SV correlated poorly to flow probe compared to 3DE colour Doppler.
Three-dimensional Doppler continuity equation
Using RT3DE to measure AVA, these shortfalls can be circumvented altogether. RT3D colour Doppler can overcome inaccuracies of spectral Doppler for SV calculation. 16 By directly measuring the LVOT SV, 3D acquisitions overcome geometric assumptions that the LVOT cross-sectional area is circular. Indeed, we found that in more than half of our cases, the LVOT is either oval or irregular in shape. This is consistent with other studies which found the majority of LVOT to be oval. 17 Furthermore, with a 3D hemispheric sampling curve capturing velocities within the LVOT, varying velocities within the entire systole will be sampled and angle-dependency is less important in contrast to a planar sampling area, since velocities will project perpendicularly onto the hemispheres. Previous work has also shown less dependency with 3D methods of flow volume computation compared to 2D Doppler, though this was not performed in real time. 18 Depending on whether the longer or shorter diameter of the oval cross-section was measured on 2DE, over-or under-estimation of the SV may result, compared to 3D Doppler. As the actual flow across the LVOT is directly quantitated, non-simultaneous separated measurements of stroke distance and cross-sectional area are therefore not necessary, reducing error. When discrepancies between 2D and 3D continuity equation derived areas were analysed, the sole predictor was the degree of USH. In patients with no significant LVOT USH, discrepancies were lower and calculation of AVA 2D may be sufficient. However, with USH, clinical differences between AVA 3D-SV and AVA 2D appeared determined by the LVOT geometry.
Recently, the use of live 3D colour Doppler in the assessment of LVOT CO has been shown to correlate well with flow probe (r 2 ¼ 0.93 or r 2 ¼ 0.99 after averaging the measurements) in normal juvenile pigs. 5 The same group also showed good correlation between 3DE SV calculation and 2DE pulsed wave SV estimation in humans aged 28 + 20.5 yrs with normal LVOT and aortic valve (r 2 ¼ 0.90). 6 In a patient study, using thermodilution as the gold standard for comparison, 3D Doppler derived CO correlated better, with smaller bias and narrower limits of agreement compared to 2D Doppler derived CO. 19 These studies demonstrated the validity of SV calculation using 3DE. They are consistent with our data which showed similarly excellent correlation of r 2 ¼ 0.95 even in the setting of USH.
Stroke volume calculation
Besides using 2D or 3D Doppler to assess left ventricular SV, other non-invasive echocardiographic methods include left ventricular volume calculations from 2D end-diastolic and end-systolic frames, by the summation of disks. These are prone to errors due to difficulties in defining the LV borders 20 or abnormal ventricular geometry. 3D assessment of chamber volumes provides a better alternative without geometric assumption. 21 However, it is more time-consuming and less direct than 3D Doppler assessments. Earlier studies have used older 3D-based methods relying on reconstruction of multiple 2D slices obtained with electrocardiographic gating. These are now superseded by real-time 3D techniques. Notwithstanding this, calculation of SV using end-diastolic and end-systolic LV volumes would also be inaccurate in the presence of valvular regurgitations or intracardiac shunts.
Three-dimensional planimetry
Unlike 2D transthoracic aortic valve planimetry, 3D planimetry allows for alignment of cropping planes to measure the smallest anatomical orifice in systole at the time point when the valve is maximally opened. We have reported that 3D planimetry of the aortic valve correlated and agreed better with AVA derived from 3D colour Doppler than from 2D continuity equation. This further supports the utility of 3D Doppler measurements in AS patients. We found that in about 20% of our full volume 3D dataset, planimetry of the aortic valve was suboptimal, mainly due to poor resolution, lower anatomical visualization, and heavy valvular calcification. However, even in these patients, we are able to obtain adequate Doppler signals to fill the LVOT area. The Doppler analyses should be independent of ability to visualize the aortic valve though this was not verified systematically. Recently, cardiac magnetic resonance 22 and computer tomography 23 have also been used to evaluate AVA. Previous small studies have also highlighted the use of 3D planimetry of the aortic valve in AS by transesophageal 24, 25 reconstruction and live transthoracic echocardiograms. 26 Traditionally, the Gorlin-derived AVA has been used as a 'gold standard'. However, the Gorlin-derived AVA also has inherent limitations. 27, 28 In clinical practice, to obtain the Gorlin equation derived area, it is difficult to place the catheter in the vena contracta as this is not visualized during catheterization and the jet displaces the catheter. Consequently, catheter pressures are limited by measurements in the ascending aorta after pressure recovery has occurred. 28 It is expected that continuity equation derived effective AVA will be smaller than AVA by planimetry because of the contraction phenomenon. At the same time, effective orifice area may be dynamic during the cardiac cycle and changes in effective orifice area may be flowrelated. 29 This is demonstrated to be related mainly to the formation of vortices at low flow rates which can result in an even smaller effective area. 30, 31 Indeed, beyond planimetered orifice area, other factors such as valve shape 32 may be important in determining impact of AS on patient haemodynamics.
Limitations
Though 3D acquisitions are real-time, off-line SV computation and cropping for 3D full volume are still necessary. However, these processes are not lengthy and do not require extensive experience. High flow velocities over the Nyquist limit may result in inaccurate flow-volume computation. This can be compensated by baseline shift of the velocities to incorporate aliased velocities into the flow profile. In addition, one can adjust the tissue colour Doppler display priority so that colour Doppler signals fill the LVOT without excessive bleeding into the tissue. Interobserver and intra-observer variability from our results showed reasonable consistency in this study.
In our animal validation model, balloon inflation of the upper septum to simulate USH may result in 'non-physiologic' shapes of the septum. However, it achieved our aim of distorting the upper septum and allowed variable changes in LVOT geometry.
In our clinical studies, we have included patients with irregular cardiac rhythm such as atrial fibrillation. This constituted a small subgroup of studies (6%) and does not predict discrepancies between 2D and 3D quantification. RT3DE cropping method to assess AVA by planimetry may have limited applications as some of the aortic valves are heavily calcified and hence have limited resolution of the valve orifice. AVA determination using cardiac magnetic resonance or computed tomography may be employed to obtain an independent parameter. However, these are not validated and have similar limitations.
It can be difficult to align planimetry plane to the narrowest aortic valve orifice using transesophageal echocardiograms. Since we analysed a wide range of aortic valve stenosis, only a proportion of patients underwent aortic valve replacement subsequently. Surgical correlation was therefore not available though this in itself may not be optimal since surgical specimens will be friable and may not represent the real-life opening of the valve subjected to haemodynamic stress. Indeed, a significant limitation of this study is the absence of an optimal gold standard.
Conclusions
RT3DE colour Doppler-derived LVOT SV in the calculation of AVA by continuity equation has potential advantages compared Three-dimensional colour Doppler assessment using continuity equation in aortic stenosis to 2D continuity. We demonstrated improved correlation and agreement with planimetry in AS patients and with in vivo flow probe. This is especially important in irregular LVOT geometry such as USH. RT3DE colour Doppler measurement is less variable and may be a better method for serial evaluation of AS.
